INTRODUCTION
Every year, there are many slope failures in Hong Kong, and practically all the slope failures occur during rainy times. Pore water pressure is one of the major important reasons for slope instability. In the limit equilibrium method (LEM), which is widely used in engineering practice, the most common way of deˆning the pore-water pressure is by using the piezometric line. The vertical distance from the middle of the slice base to the piezometric line is commonly used to evaluate the porewater pressure which is actually a hydrostatic condition. In reality, there will be seepage ‰ow so that the piezometric surface will curve downward; consequently, the assumption of a hydrostatic pore-water pressure is strictly not correct. In some commercial software, a correction factor is used to account for this factor, and this is good enough for ordinary design purposes. Furthermore, if the pore-water pressure distribution is known by theˆnite element orˆnite diŠerence analysis, the LEM can also be integrated with the pore water pressure from the seepage analysis in the stability calculation.
In recent decades, there have been various developments in the strength reduction method (SRM) for slope stability analysis. This method was used as early as 1975 by Zienkiewicz et al. (1975) , and has since been applied by Naylor (1982) , Donald and Giam (1988) , Matsui and San (1992) , Ugai and Leshchinsky (1995) , Song (1997) , Dawson et al. (1999) , Gri‹ths and Lane (1999) 
where c, q are the cohesive strength and the friction angle while ce and qe are the reduced shear strength parameters used in the calculation. The whole concept in SRM is the generation of the body forces on an elasto-plastic system controlled by shear strength parameters ce and qe. The FOS as shown in Eq. (1) will vary until the system cannot maintain an equilibrium under the body forces and external loads, and the FOS will be taken as the factor of safety for the slope under consideration. Based on the tremendous amount of previous research on this point, it is commonly accepted that the factor of safety arising from this analysis is very close to that from the classical limit equilibrium or limit analysis. The advantage of the SRM for the present problem is the ease with which seepage ‰ow can be considerd compared with other classical methods of analyses. With regard to slope stability analysis with water ‰ow, the diŠerent ways to consider the seepage forces in the LEM have resulted in confusion. In the traditional LEM, the boundary water forces with the total weights are usually used and the water pressure enters into the base forces calculation but not the interslice forces (or, consequently, the equilibrium of slice). Turnbull and Hvorslev (1967) concluded that the traditional method may yield unreliable results for high pore-pressure, and suggested that the eŠective stress should be resolved in a direction normal to the failure surface. Greenwood (1983 Greenwood ( , 1985 and King (1989) introduced some eŠective-stress methods of slices which include the interslice water forces. These approaches are, however, more complicated in the analysis and are not adopted in commercial programs. Greenwood (1983 Greenwood ( , 1985 , King (1989) and Duncan and Wright (2005) have shown that there are cases where the reˆned approaches may have noticeable diŠerences with the classical methods. If the SRM is used, pore-pressure will aŠect the eŠective stress for which the stability analysis is based on. The confusion about the eŠect of water in the LEM does not appear in the SRM. In this paper, the diŠerences between the use of piezometric surface and seepage ‰ow analysis on slope stability analysis will be studied. Two and three-dimensional strength reduction analyses will be carried out to study the eŠects of water ‰ow on slope under several cases. This study has demonstrated that besides the lowering of the factor of safety (FOS), the failure mechanism may also be aŠected by the seepage ‰ow. Many engineers view that densely populated soil nails may aŠect seepage ‰ow, but it is demonstrated in this study that for practical purposes, the eŠect of soil nail on the seepage ‰ow can be neglected.
STABILITY ANALYSIS FOR A SIMPLE SLOPE WITH SEEPAGE FLOW
In the present study, the eŠect of seepage has been studied using FLAC3D by Itasca and Phase by Rocscience. The soil is considered as an elastic-perfectly plastic material with its strength controlled by the MohrCoulomb constitutive model. Once a mesh is designed for a problem, the same mesh will be used for the seepage analysis. The pore-pressure from the seepage analysis will be used as the input for the stability analysis using the SRM. In this respect, the seepage analysis and the stability analysis are carried out independently. For the dilation angle of the soil, Cheng et al. (2007) have demonstrated that it is not critical for most of the problems, and the eŠect of the dilation angle is usually less than 5z except for isolated problems. Since the main conclusion from the present study is highly unlikely to be aŠected by the dilation angle, the authors have adopted a dilation angle of 0 in the present study. This method of modeling is adequate as consolidation, but is not considered in the present study. In the strength reduction analysis, the ultimate limit state is determined by``failure to converge'' and``formation of a continuous yield mechanism which can fail''. The strain level as shown in this paper is not the true``strain level''. Likewise, the displacement vector is not the true displacement, but is simply the results of the strength reduction analysis.
In this section, a two-dimensional 6 m height slope with 459slope angle was analyzed. A 10 m height model was developed in which the water was 4 m in height on the left and 10 m in height on the right side. The porepressure and the ‰ow vector distribution for the free-surface seepage ‰ow analysis are shown in Fig. 1 . In Fig. 1 , the total head is 10 m for the top ‰ow line, and the total head diŠerence for each ‰ow line is 1 m. The density, elastic modulus and Poisson ratio of the soil were kept at 20 kN/m 3 , 14 MPa and 0.3 respectively in the analysis. Cheng et al. (2007) have demonstrated that the uses of these elastic properties in SRM are not important, and the factors of safety using diŠerent elastic properties are virtually not aŠected by these parameters. From the SRM analyses, the regions where the shear strain concentrate are identiˆed and the failure surface can be approximately obtained by the maximum shear strain distribution, as shown in Figs. 2 to 5. As demonstrated by Cheng et al. (2007) , the failure zones obtained by this approach are very close to that based on the limit equilibrium method. For diŠerent soil properties, the FOS and slip surfaces are shown in Figs. 2 to 5, and the results were compared with a case with no water. Obviously, with the seepage ‰ow, the FOS was much smaller than the corresponding case without water. For sandy soil, the decrease of the FOS with seepage ‰ow was larger than that for the clayey soil. This means that a sandy soil slope is easier to be destroyed by seepage ‰ow than a clayey slope, so more attention should be paid to preventing seepage ‰ow from destroying sandy soil slopes. Actually, Hong Kong is famous for slope failures and there are many sandy slope failures (the soil is completely decomposed granite) during the rainy season each year. On the other hand, thirty years of observation have shown there are much fewer slope failures in slopes with aˆner grain size (completely decomposed volcanic) in Hong Kong (GEO, 1996) . The sandy andˆner grain soils in Hong Kong are derived from granitic and volcanic rock of similar chemical composition, and the main diŠerences between the two types of soil are the grain size and the cohesive strength. It is also found that the location of the slip surface for sandy soil is greatly in‰uenced by the water ‰ow from various parametric studies, and the failure surface becomes shal- lower and closer to the slope toe under the in‰uence of water seepage ‰ow. These results are also similar to the observations of the slopes failures in Hong Kong over the last thirty years (GEO, 1996) , where many slopes failures are initiated from toe failures under heavy rain. With reference to Fig. 2(a) , there is a relatively high hydraulic gradient around the toe of the slope, hence slope failure will be limited to the region close to the toe of slope, while a typical slope failure which extends to the top of the slope is obtained in Fig. 2(b) where there is no water. Such results are further supported by the tremendous number of slope failures during the rainy season in Hong Kong, with most of them initiating around the toe of the slope where there is a rapid change of the total head and hence a high hydraulic gradient. Such results are also predicted by the numerical analysis presented in Fig. 2 .
In the above analysis, the pore water pressure is generated by a seepage ‰ow analysis, which is a reasonable way to obtain the pore pressure distribution. It is, however, possible to deˆne the pore water pressure by a water table in the SRM similar to that in the LEM analysis. In order to investigate the diŠerence between the two approaches, another model is developed in which the pore pressure is generated by the water table. The pore pressure distribution for this model is shown in Fig. 6 (the water table location is the free-surface obtained from Fig. 1 ). The factors of safety for the two cases are compared in Table 1 . The FOS for the case where the pore pressure is generated by the water table was smaller than the case generated by the seepage ‰ow analysis, as the pore water pressure calculated by the water table (free-surface) was larger. It means that the use of the water table (or piezometric line) is a conservative method of analysis, with a very small diŠerence for clayey slopes and a much larger diŠerence for sandy soils.
STABILITY ANALYSIS FOR A SIMPLE SLOPE WITH IRREGULAR PORE PRESSURE DISTRIBUTION
In this section, two more models are analyzed for the 6 m height slope with 459slope angle discussed in the previous section, but the pore pressure distribution is irregular due to some blocking eŠects in the slope. In thê rst model, the soil on the left side of the slope crest and on the left side of slope toe is assigned as impermeable zone. The slip surface and the pore pressure distribution are shown in Fig. 7 . In the second model, an 8 m height thin impermeable wall near the slope crest is applied. The slip surface and the pore pressure distribution are shown in Fig. 8 . In the second model, the FOS (1.30) was much larger than the case with no soil blocking in Fig. 3 (0.96) and the case in Fig. 7 (1.07) . With the blockage from the soil wall, the seepage path is much longer, which greatly reduces the pore water pressure, so the FOS becomes much larger. This result also shows that the installation of retaining wall to increase the seepage length is a good method of preventing slope failure caused by seepage ‰ow. Fig. 8 . Slip surface and pore pressure with water block wall for slope with cohesion 2 kPa and friction angle 459(in Fig. 8(b) , total head＝10 m for the top ‰ow line, and total head diŠerence for each ‰ow line is 1 m) Fig. 9 . Modeling of soil nail system 
STABILITY ANALYSIS FOR SOIL NAILING SLOPE WITH SEEPAGE FLOW
For the SRM analysis of nail, if the bending eŠects are not important, the nails can be modeled by cable elements because cable elements provide a shearing resistance (by means of grout properties) along their length. The shear behavior of the cable-soil interface can be represented by the model in Fig. 9 , and can be described numerically by considering the following: the grout shear stiŠness, the grout cohesive strength, the grout friction angle, the grout exposed perimeter (grout hole diameter) and the eŠective conˆning stress sm. The material properties of the grouted nail were calculated considering a combination of the stiŠness of the steel bar and the cement grout, and the Young's Modulus of the grout was determined as 45.44 GPa. At the same time, a thin layer of material with a thickness of 4.0 mm surrounding the nail was used to model the shearing zone between the nail and the grout, as shown in Fig. 9 . The grout shear stiŠness kg can be estimated as (Itasca, 2006):
where G is grout shear modulus and equals to 5.28 MPa; D is grout hole diameter and is equal to 0.1 m; t is the annulus thickness and is equal to 0.004 m. The parameters used for the study are shown in Table 2 .
In this section, a 6 m height soil nailed slope with water ‰ow is analyzed with a slope angle of 459 . Nails were installed every 1.5 m centers horizontally and vertically. The nail length was 8 m and the inclination angle was zero. The cohesion of the soil was 2 kPa and the friction angle was 359 . A model of this slope is shown in Fig. 10 . In Hong Kong where the density of soil nails is high (at a spacing of around 1 m to 1.5 m) and the diameter and length of the soil nails are both considerable (a 32 mm or 40 mm diameter bar is commonly used while a length of 10 m to 20 m is also common), many engineers have wondered whether the dense population of soil nails aŠects the seepage pattern. To approach this problem, two models were developed. In theˆrst model, the pore pressure was determined without the presence of nails. In the second model, the soil nails together with the grout were treated as the impermeable zone. The pore pressure distribution for this case, shown in Fig. 11 , shows that the pore pressure distribution after considering the blockage eŠect from soil nails is actually close to that of theˆrst case at the section where there are no soil nails. The FOS by these two models is also the same (both are 0.95 and the slip surface as shown in Fig. 12 applies for both cases). This means that the blockage eŠect of the soil nail can be ignored in a soil nailed slope analysis since the diameter of the nails is small compared to the nail spacing, even in Hong Kong, where large diameter soil nails are used in Hong Kong. Indeed, such nails were used in the analysis. For this soil nailed slope, the FOS was 1.71 with no water ‰ow. If no nails were included in this slope, the FOS with and without water ‰ow is 0.72 and 1.07, respectively. It can be seen that the factor of safety for soil nailed slopes is more in‰uenced by the water ‰ow, as the percentage decrease of the FOS is much larger when compared with slopes without nails. In this analysis, the nails are simulated by a cable element, with its pullout strength related to the conˆning pressure. When there was water, the conˆning pressure around the nail decreased due to the pore water pressure, and two eŠects of water on a soil nailed slope were noted. Firstly, the FOS decreases due to the seepage force, and secondly, the FOS reduces as the nail pullout strength, which is related to the eŠective conning pressure, is reduced. To remove the in‰uence of the conˆning pressure on the nail pullout strength, the second model was re-considered so that the nail has a constant pullout strength unaŠected by the eŠective overburden stress (only the grout cohesive strength is given and the grout friction is zero). The results of this model are shown in Table 3 . The decrease of the FOS with the presence of water was smaller using this model, clearly indicating that the relationship between the soil nail pullout strength and the eŠective overburden stress is a very critical factor in the stability of a soil nailed slope.
STABILITY ANALYSIS FOR PILED SLOPE WITH SEEPAGE FLOW
In this section, our investigation of a piled slope with a water ‰ow is discussed. Like the slope taken into consideration by Won et al. (2005) and Cai and Ugai (2000) , the slope we employed for this analysis was 10 m in height with a gradient of 1V:1.5H (Fig. 13) . Two symmetric extreme boundaries were used so that the problem consisted of a row of piles with a plane of symmetry. Steel tube piles with an outer diameter (D) of 0.8 m were used in this study. The piles were treated as linear elastic solid materials and were installed in the middle of the slope with a center-to-center spacing of 3D. The piles were embedded andˆxed into either the bedrock or a stable layer (inˆnite pile length assumption). In this model, the pile head was free. The cohesive strength, friction angle, elastic modulus, Poisson ratio and density of the soil were 10 kPa, 209 , 200 MPa, 0.25, and 20 kN/m 3 , respectively. The elastic modulus and Poisson ratio of the piles were 60000 MPa and 0.2, respectively. For slopes not reinforced with an pile, the factor of safety determined by the SRM was 0.85, with a slip surface as shown in Fig. 14 .
Two models were developed to investigate the in‰uence of seepage ‰ow on the failure mechanism of pile reinforced slopes. The FOS and slip surface obtained by the models with and without water blocking eŠect were the same for the two cases (the FOS wass 1.29, and the results are shown in Figs. 15 and 16 ). It is clear that the blocking eŠect of the pile on the seepage can be ignored, as was the case for soil nails.
If no water is involved in this model, it was found the optimal pile position was about at the middle of the slope (Won et al., 2005; Cai and Ugai, 2000; Wei and Cheng, 2008) . The slip surface is practically divided into two parts, and obvious shear strain is mobilized in both the lower and upper parts . When there is water seepage, the slip surface is mainly located at the lower part of the slope (Fig. 16) , which is diŠerent from cases without seepage, which means that the upper part of the slope is safer than the lower part. This phenomenon clearly arises from the eŠect of the seepage force. Without the seepage force, there is only a minor interaction between the upper and lower parts of the failure mass . The optimized pile position in slopes with seepage moves towards the slope toe rather than the middle of the slope. It is found that the optimal pile location for this case was 2.0 m towards the slope toe as measured from the middle of the slope (Fig. 17) . The eŠect of water seepage is hence important in controlling the failure mechanism of pile reinforced slopes.
The critical slip surface of a piled slope is found to be shallower than that of a slope with no pile in this study. With the placement of a pile, the two smaller slip surfaces will control the slope failure while the original overall critical slip surface will no longer control the failure as there is an obstruction to the failure by the pile. This present result is based on the use of maximum shear strain in soil, and the results diŠer from those of the experiments based on a maximum point of shear force with a deep seated failure surface done by Cai and Ugai (2000) . Actually, the authors found that the location for the maximum shear force in the pile did not correspond to the location of the maximum shear strain in soil. As piles do not function as soil nails do, depending on skin friction mobilization, and hence shear strain mobilization, the authors decided it was inappropriate to use the maximum shear force location as criterion in evaluating the critical slip surface of a piled slope problem. Based on the tremendous number of slope failures in sandy soil in Hong Kong where all failures in sandy slopes are shallow and usually less than 2 m thick (about 300 failures each year in Hong Kong), and numerical results showing that the maximum shear force location in the pile is not necessarily where the maximum shear strain is located, the authors decided that the critical slip surface should be a shallower failure mode for a piled slope in sand. Our study of the slope failures in Hong Kong revealed that the location of the maximum point of shear force was very deep and far from the real critical slip surface. We concluded that the pile maximum shear force location is not necessarily the location of the critical slip surface of a piled slope.
STABILITY ANALYSIS FOR LOCALLY LOADED SLOPE WITH SEEPAGE FLOW
In this section, our analysis of a 6 m height slope with a 459slope angle under a rectangular shaped vertical loading is presented. It was very di‹cult to perform a model test with seepage ‰ow in this case, so a model test with no seepage was conducted. The width and length of the loading were 2 m and 4 m respectively, while the edge of the loading was 1 m away from the crest of the slope. The cohesion of the soil was 20 kPa and the friction angle was 209 . The length of the computer model was 20 m. The results of the analysis when the loading q was 100 kPa are shown in Fig. 18 . Figure 19 illustrates the results in the case with no water. The failure mechanism shown in Fig.  19 is illustrated by the model test in sand, as shown in Fig.  20(a) . As the failure surface at the centre of the failure mass from the laboratory test matches well with that by numerical modeling, the strength reduction analysis carried out in this study (Fig. 20(b) ) is veriˆed by a laboratory test, as shown in Fig. 20(a) . It can be seen from this model that the failure mechanisms for the slope with water and without water were diŠerent. For a slope with a two-dimensional seepage ‰ow, the slip surface was basically two-dimensional. On the other hand, for slopes without water, a nearly three-dimensional slip surface was mobilized around the local loading. Wei et al. (2009) investigated the failure mechanism of a locally loaded slope with no water. When the loading is small, the slip surface is still basically two-dimensional until the loading becomes large enough to mobilize a three-dimensional slip surface. For this model, the failure mechanism with and without seepage were diŠerent even though the applied loading was the same because the seepage force was included in the analysis, and the ability to mobilize a three-dimensional slip surface for the local loading was weakened by the two-dimensional seepage ‰ow.
DISCUSSION AND CONCLUSIONS
In this paper, the strength reduction method is employed for a slope stability analysis with water ‰ow. The pore water pressure was generated by seepage ‰ow analysis according to the boundary conditions. With seepage ‰ow, the FOS was usually much smaller than corresponding cases with no water. For sandy soil slopes, the decrease of the FOS by seepage is usually larger than that for clayey soil slopes. This means that sandy soil slopes can be destroyed more easily by seepage ‰ow than clayey soil slopes, which is consistent with observations of the large number of slope failures in Hong Kong over the last thirty years (with an average of about 300 slope failures each year). The reduction of seepage ‰ow in sandy soil slopes hence deserves more attention. Furthermore, the location of the slip surface for sandy soil slope is more sensitive to seepage, and becomes shallower and closer to the slope toe under the in‰uence of seepage ‰ow. Again, most of the slope failures in Hong Kong initiate around the toe of slope where there is a rapid change of the total head and hence a high hydraulic gradient. Our numerical analysis predicted this phenomena, as can be seen in Fig.  2 . If the pore pressure is generated by the use of a piezometric line, usually the FOS will be smaller than when where the pore pressure is generated by seepage ‰ow analysis. It means that the water table (or piezometric line) option is a conservative method for analysis. For clayey soil, the diŠerence between the two ways in deˆning the pore water pressure is usually small, but for sandy soil, the diŠerence is much larger.
Based on the work done by Cheng et al. (2007 Cheng et al. ( , 2008 ), Wei and Cheng (2009), Saeterbo et al. (2004) and many others, it is generally accepted that the FOS is not sensitive to the dilation angle except for isolated problems. For some of the particular cases considered in this study based on a zero dilation angle, the authors applied the associative ‰ow rule. The diŠerences in the FOS are usually within 3-4z compared with that based on a zero dilation angle, and the failure mechanism is also virtually not aŠected by the dilation angle. It can be concluded that thê ndings of this study were not aŠected by the dilation angle in general.
It has been demonstrated that the use of a retaining wall to increase the seepage path is a very eŠective in en- hancing slope stability under seepage ‰ow. Our results of the seepage analysis are virtually independent of soil nails or reinforcing piles (under practical spacing) indicating that engineers do not need to consider the soil nail/pile in their seepage analyses. Water ‰ow was shown to have two eŠects on the stability of a soil nailed slope. Firstly, the FOS decreased due to seepage force. Secondly, the FOS decreased as the reduction of the nail pullout strength decreased with a reduction in the conˆning pressure around the nail due to pore water pressure. Water is hence a major factor in controlling the stability of slope.
For locally loaded slopes with water ‰ow and pile reinforced slopes, the failure mechanism can be strongly in‰uenced by the seepage force. To get a realistic failure mechanism, the pore pressure must be carefully considered in the analysis.
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